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The enzyme phenolox~~ase is present in plants as a proenzyme, which is activated by Ca*+ or Mn2+ at milii- 
molar concentrations, or by trypsin at lower Ca2+ concentrations. In Daucus carota cell cultures this proen- 
zyme was shown to be present in the embryogenic strains, whereas the non-embryogenic strains lacked 
detectable phenoloxidase activity. 
Daucus carota Embryogenesis Marker protein Phenoloxidase Prophenoloxidase 
1. INTRODUCTION 
Since the discovery of somatic embryogenesis n 
carrot cell cultures [ 1,2] this species has been used 
as a model for studying embryogenesis in higher 
plants. While earlier reports describe the external 
factors affecting embryo formation [3,4], recent 
studies have focused on biochemical changes oc- 
curring during the differentiation process [5-81, 
but the regulation of embryo formation remains 
largely unknown. 
Sung and Okimoto [9] have detected 2 polypep- 
tides which are synthesized uring embryogenesis, 
and since these polypeptides are not dqtectable 
during callus growth, they may possibly be used as 
markers for the developments process, as well as 
the ability to inactivate cycloheximide [IO]. We 
have recently shown that embryogen,ic carrot 
strains had much lower proteolytic activity than a 
non-embryogenic strain, and during embryo for- 
mation 3 specific peptidases were detected in the 
differentiated cell aggregates but not in the undif- 
ferentiated [ 1 I]. 
~~~rev~a~io~: DFP, d~isopropylphospho~uoridate; 
2,4-D, 2,4-dichlorophenoxyacetic acid; L-dopa, L- 
dihydroxyphenylalanine; PO, phenoloxidase; proP0, 
prophenofoxidase 
Recently, we have shown that the enzyme 
phenoloxidase is present in plants as a proenzyme 
which can become activated by millimolar concen- 
trations of Cat” or Mn2+ or by trypsin at lower 
Ca2+ concentrations [12]. Here we show that 
phenoloxidase (PO) activity in carrot cell cultures 
is restricted to embryogenic strains, and may 
therefore be used as a possible marker for em- 
bryogenic potential in carrot cell cultures. 
2. MATERIALS AND METHODS 
‘i’wo non-embryogenic strains (Dc’?~ and Dcl4) 
and 3 embryogenic strains (Dc8307, D&310 and 
Dc8404) were cultured as described [ 111. Three 
days after subculturing embryo formation was in- 
duced by washing the cells 3 times in 2,4-D-free 
culture medium and then incubating -1 g (fresh 
wt) of the cells in 15 ml of this medium in 9 cm 
Petri dishes. The cultures were kept in darkness at 
25°C and after 7 days embryo formation was 
determined by counting 300-400 cell aggregates in 
each Petri dish. The emb~ogenic capacity is ex- 
pressed as percentage of the cell aggregates which 
had developed into globular, heart- or torpedo- 
shaped embryos after 7 days. 
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2.2. Preparation of prophenoloxidase 
After culturing for 3 days in 2,4-D-containing 
medium the cells were used for prophenoloxidase 
(proP0) preparations as described [ 121. Briefly, 
the cells were collected by centrifugation (1000 x g, 
5 min) and the cell pellet was washed once in 
0.01 M sodium cacodylate buffer (pH 7.0), con- 
taining 1.5 M NaCl and 20 mM EDTA (= buffer 
A), and then homogenized in this buffer with a 
glass piston homogenizer (1 g fresh wt in 2 ml buf- 
fer A). The homogenate was centrifuged (3000 x g, 
20 min, 4”C), the resulting supernatant was exten- 
sively dialyzed against 0.01 M sodium cacodylate 
buffer, pH 7.0 (= buffer B), and after centrifuga- 
tion (10000 x g, 20 min, 4°C) the resulting super- 
natant was used as source of proP0. The protein 
contents in the preparations were adjusted to ap- 
prox. 0.8 mg/ml. 
2.3. Assay for phenoloxidase activity 
PO activity was assayed in a reaction mixture 
containing either 75 pl prop0 preparation, 25 ~1 
of 90 mM CaClz (or buffer B for the controls), 
25 ~1 buffer B and 25 ~1 L-dopa; or 75 ~1 prop0 
preparation, 25 pl of 1 mg/ml trypsin (EC 
3.4.21.4, Sigma) in buffer B and 25 ~1 of 9 mM 
CaClz preincubated for 10 min at 22°C prior to ad- 
dition of 25 ,ul L-dopa. After 5-10 min at 22°C the 
absorbance at 490 nm was determined and the en- 
zyme activity is expressed as units, where one unit 
is the amount of enzyme giving an increase in ab- 
sorbance at 490 nm of O.OOl/min. 
The presence of prop0 in the 3000 x g pellet was 
determined after suspending the pellet in buffer B, 
followed by dialyzing this suspension against buf- 
fer B, before assay of PO activity. 
To establish whether the non-embryogenic ell 
strains contained any inhibitors of prop0 activa- 
tion or PO activity the following experiments were 
performed: 100~1 of the embryogenic prop0 
preparation was incubated for 10 min with 100, 
200, 300 or 900 ~1 of the non-embryogenic ell ex- 
tract or buffer B for the controls, and then 75 ~1 of 
this preincubation mixture was assayed for PO ac- 
tivity as described above. 
2.4. Protein determinations 
Protein was determined as described by Lowry 
et al. [13] using bovine serum albumin (Sigma) as 
standard. 
3. RESULTS AND DISCUSSION 
Prop0 could be isolated from the embryogenic 
carrot strains and PO activity was induced by addi- 
tion of either 15 mM CaC12 or with trypsin at 
1.5 mM CaClz (table 1, [12]). In contrast, no PO 
activity could be detected in the non-embryogenic 
strains using these treatments (table 1). In its active 
form carrot PO tends to aggregate and most of the 
activity is present in the 3000 x g pellet, whereas 
the inactive proenzyme is soluble [12]. Therefore, 
we assayed PO activity of the 3000 x g pellet ob- 
tained after homogenizing the non-embryogenic 
Table 1 
Phenoloxidase activity in different strains of D. carota after activation with 15 mM 
CaClz or with trypsin at 1.5 mM CaClz 
Treatment Phenoloxidase activity (units. mg protein-‘) 
Non-embryogenic Embryogenic 
Dc~~ Dc14 Dc8307 Dc8310 Dc8404 
Control 0 0 17* 3 7+ 4 2k 1 
1.5 mM CaCl2 0 0 1.5* 1 8+ 2 3+_ 1 
15 mM CaCl2 0 0 295 + 32 329 k 61 421 + 36 
Trypsin + 
1.5 mM CaCl2 0 0 324 k 12 221 f 24 362 + 51 
Embryogenic capacity 0 0 19% 12% 31% 
Mean value f SD of 4 experiments 
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cell strains, to examine whether prop0 was ac- 
tivated in these strains and associated with the cell 
pellet. However, no PO activity could be detected 
in the 3000 x g pellet. 
As shown in table 2, addition of the non- 
embryogenic ell extract could not decrease the PO 
activity from the embryogenic strains, neither 
when the activity was induced by 15 mM CaCl2, 
nor with trypsin at 1.5 mM CaClz. These results in- 
dicate that the non-embryogenic ells did not con- 
tain any factor which prevented prop0 activation 
in the embryogenic cells, or any inhibitor of PO 
activity. 
Embryogenic strains of D. carota generally lose 
their capacity for embryo formation during pro- 
longed culture in the presence of 2,4-D [ 14,151 and 
fig.1 shows that concomitant with the decline in 
embryogenic capacity, PO activity is decreased. 
This indicates that the presence of this enzyme is 
associated with embryogenesis in carrot cell 
cultures. 
The biochemical mechanism of prop0 activa- 
tion in plants has not yet been elucidated, but since 
the activation could be partially inhibited by the 
serine protease inhibitors DFP or benzamidine 
[12], it may involve a proteolytic process, as is the 
case for arthropod prop0 [ 16- 181. One possibility 
for the lack of detectable PO activity in the non- 
embryogenic strains could be that some activating 
factor is missing or inactivated during the prepara- 
tion. Whether this is the case or if the proenzyme 
Table 2 
Effect of non-embryogenic cell extract on the 
phenoloxidase activity of embryogenic ell extracts after 
activation by 15 mM CaC12, or with trypsin at 1.5 mM 
CaC12 
Preincubation mixture Phenoloxidase activity 
embryogenic extract/ (@IO residual activity) 
non-embryogenic 
extract (v/v) 15 mM CaClz Trypsin + 
1.5 mM CaCl2 
Control 100 100 
1:l 110 83 
1:2 116 112 
1:4 97 93 
1: 10 105 94 
The experiment was repeated 4 times with similar results 
01 
8 16 24 32 40 
Age of culture 
tweeksb 
Fig. 1. Phenoloxidase activity and embryogenic apacity 
of a carrot cell culture during 42 weeks. The cells were 
subcultured every 3rd day. (0) Phenoloxidase activity, 
(H) embryogenic capacity. 
itself is absent from the cells cannot be elucidated 
until the mechanism for the activation of prop0 is 
known in more detail. 
The physiological function of prop0 in plants is 
at present not known, but a role in the regulation 
of development cannot be excluded, and the results 
presented here indicate that the presence of prop0 
may be used as a marker for embryogenic apacity 
in carrot cell cultures. 
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